EDITORIAL THOUGHTS ON THE DYNAMICS OF BLOOD FLOW &dquo;The physical principles involved in the hydrodynamics of the circulation are of great complexity, and are for the most part as yet unsolved&dquo;. Thus wrote the English physiologist Starling in 1936 but it is equally true today. Could any hydraulic plant be more baming to a physicist than a pump endowed with perpetual motion of mysterious origin, forcing fluid into a very specialized distributing system whose primary conduit, only 3 square centimeters in cross section, possesses great elastic recoil capable of augmenting perceptibly the forward thrust of the pump, this single conduit branching promptly into thousands of smaller conduits of decreasing elasticity and diminishing caliber, whose final total cross section is estimated at 500 times that of the primary conduit? Bewildering also is the continuation of the flow through the fine-lumened capillary bed into myriads of veins of increasing caliber, which provide a return flow without any obvious propulsive force, the blood reaching the heart through two large conduits in which the pressure may be negative. Moreover, in the larger vessels the flowing medium obeys the laws of a fluid moving forward at a pulsatile velocity of 20 centimeters per second at a systolic pressure of about 120 millimeters Hg, whereas in the smaller conduits it acts as a pseudoplastic flowing smoothly at 4.5 millimeters per second with a pressure less than 10 millimeters Hg. Truly this circulatory system in its imposing complexity provides many problems of varying and intriguing character.
Of immediate concern in such a system of diminishing velocity and decreasing pressure is the volume flow and the arterial pressure at different points in the system. It would seem axiomatic that the pressure and volume flow in the ascending aorta must be sufficiently great in each systole to overcome the resistance in the entire peripheral capillary bed; that each large branch reduces this primary pressure by an amount determined by the peripheral resistance and volume flow beyond and through this branch; that the pressure and volume in any peripherally placed artery is determined by the extent of the peripheral resistance and the size of the arterial bed beyond it; that as peripheral resistance diminishes, arterial pressure falls.
Intimately related to this dissipation of the high initial pressure in the ascending aorta into its many branches is the necessity of making a distinction at any given point between &dquo;end&dquo; pressure and &dquo;lateral&dquo; pressure. End pressure is that pressure recorded in the artery when the forward thrust of the rapidly flowing blood is suddenly and completely blocked by ligation of the vessel; lateral pressure at this same point is obtained by a needle placed in the flowing blood or by blocking a branch of the main vessel by a tube leading to a manometer.
Employing the strain gauge manometer it was found that the lateral pressure in the ascending aorta was 120 millimeters Hg. systolic and 80 millimeters Hg. diastolic, and the end pressure 230 systolic and 110 diastolic with peaks as high as 330/100; that the lateral pressure in the thoracic aorta wm 115 systolic and 85 diastolic and end pressure 170 systolic and 130 diastolic; that the lateral pressure in the terminal aorta was 128 systolic and 95 diastolic, and the end pressure 160 systolic and 110 diastolic.
It is apparent at once that these observations are vitally important in an understanding of the development of collateral circulation. The opening up of collateral vessels following ligation of a large artery depends upon directing the high end pressure and large volume flow of the parent artery into the branches just proximal to the ligation, thus distending their prearteriolar and arteriolar beds, whence the flow is directed into the vascular beds of the branches distal to the ligation, whose low pressure because of the ligation permits blood to flow through them more readily than through neighboring vascular beds.
It was Halsted's teaching that the nearer the heart the main artery is ligated, the less the danger of gangrene. This is now readily understood since the larger the artery the higher the end pressure on ligation, and the greater the lateral distending force available to open up anastomatic channels. This is best exemplified in the extraordinary development of collateral circulation that accompanies coarctation of the aorta, in which the great end pressure in the thoracic aorta is directed into the branches of the proximal aortic arch resulting in a sustained hypertension in these branches. It might be argued that once these collateral channels are widely opened their arterial pressure should return to normal. This, however, neglects the fact that the coarctation transfers to the branches proximal to it the entire resistance of the peripheral bed beyond the coarctation and that in order to maintain blood flow in this peripheral bed beyond the coarctation, the pressure and volume flow in the large branches proximal to the coarctation must be sufficiently great to overcome not only their own peripheral resistance but also that of the additional bed they must now supply with blood.
The high pressure in the ascending aorta and its gradual downward gradation beyond it are accurately reflected also in Kampmeier's analysis of the location of 633 arterial aneurysms; 214 were situated in the ascending aorta; 205 in the transverse arch; 147 in the descending arch; and only 30 in the thoracic aorta. It is probable that as peripheral resistance increases with advancing age there is a corresponding increase in lateral pressure in the centrally placed vessels accompanied by the threat in the presence of a diseased or weakened wall that it will yield in the area of greatest pressure. Significant is the low incidence of aneurysms in the thoracic aorta. It is probable that the straight course of the thoracic aorta and the effect of gravity in the erect posture increases the velocity of flow and reduces correspondingly the lateral pressure in this part of the aorta as compared with the ascending aorta. This iB a physical phenomenon expressed in the Venturi principle: in a rapidly moving body of fluid the side pressure in the conduit varies with the velocity of flow. A recent observation with respect to pressure relationships around an arteriovenous fistula necessitated invoking this Venturi principle as an explanation for a most unusual phenomenon: a femoral fistula of 7 months' duration in which the artery and vein just distal to the fistula had been ligated previously was being mobilized for isolation of the proximal artery and vein, when a small rent was accidentally produced in the somewhat collapsed proximal vein. Instead of bleeding furiously, as one might have expected since this vein was receiving blood through the fistula under arterial pressure, the rent sucked in airindicating a negative side pressure. We could hardly believe what we saw but it proved not to be an isolated observation: in a fistula of 21 days' duration the four cardinal vessels were exposed in order to study their pressure by the strain gauge manometer. The measured pressures with the fistula open read: proximal artery 180 millimeters Hg. systolic and 140 millimeters Hg. diastolic; distal artery 135 systolic and 100 diastolic; distal vein 110 systolic and 90 diastolic; proximal vein 20 systolic and 15 diastolic. This low pressure in the vein proximal to the fistula was a real surprise but even more surprising was that by closing the distal vein and artery, thus directing all the blood flowing through the fistula into the proximal vein, this slightly positive pressure was changed to a negative pressure of -37 millimeters Hg. systolic and -7 millimeters Hg. diastolic! Apparently the high velocity of flow in the proximal vein, greater in systole than in diastole, was the product of two factors: the heightened arterial pressure back of it, and the negative pressure in the central venous bed attracting blood back to the heart. Although these factors caused the side fluid pressure to drop below zero to a negative phase, greatest at the height of greatest velocity in systole, the slightest pressure on the vein anywhere proximal to the fistula easily reversed this relationship and the pressure'was again recorded as positive.
Negative pressure in the veins of the neck has been observed repeatedly and every operator is well aware of the danger of an air embolism incident to an accidental rent in the jugular vein or in one of its branches, but to observe it in a vein directly connected with an artery and receiving blood under arterial pressure by way of a fistula was most unexpected. It illustrates that the side pressure which accompanies the rapid flow of blood through vessels may indeed be remarkably low and that the negative pressure in the thorax and in the central venous bed in attracting blood back into the heart should be credited with a greater importance than is generally thought. This negative pressure would also help to explain one of the interesting features of an arteriovenous fistula: e.g. in the rapid transfer of blood from the one system to the other due to the abrupt fall from high arterial to negative venous pressure the only limiting factor to the flow of blood is the size of the fistulous opening. If the rim of the fistula itself and the tissues surrounding it are not too fibrous or too rigid there will be a constant tendency for the fistulous opening to dilate in response to the press of arterial blood under high pressure seeking access to the area of low negative pressure in the vein. Since this press of arterial blood never ceases, the tendency to dilate the fistulous opening will also be ever present. The result could be a slowly progressive increase in the size of the fistula and a concomitant slow increase in the amount of blood deflected through the fistula, resulting in a progressive dilatation of that part of the circulatory bed through which the short circuited blood flows, including of course the heart. In certain fistulas the increased rate of blood flowing through the heart has been shown to be doubled but with very little increase in venous pressure. Apparently the well-functioning heart will accept a great increase in load and propel it forward so rapidly as to prevent the development of any increase in venous pressure. The very slight obstruction which was found effective in our experiment in converting the pressure in the vein proximal to the fistula from a negative to a positive phase suggests how slight may be the changes necessary in the centrally placed bed of negative pressure to produce positive venous pressure and peripheral stasis. The slightest change in cardiac ability to accept and push forward the blood presented to it, such as an impaired function of the tricuspid or pulmonary valves or the slightest change in pulmonary pressure as in emphysema, may initiate changes in the circulatory balance of cardiac intake and output which may lead to peripheral venous congestion and edema and ultimately to circulatory disturbances of profound significance. Once initiated, such disturbances in the relationship of output and intake may be difficult to correct. Perhaps even the slight effect of gravity increasing the arterial velocity in the thoracic aorta and decreasing the effectiveness of the negative pressure in the central venous bed is enough to initiate an increased venous pressure with resulting edema in the peripheral bed of the lower extremity. The purely mechanistic factors in circulatory failure require more precise clarification.
